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Abstract

This report describes the completion of a crystal plasticity finite element simulation frame-
work for creep-fatigue deformation and damage in Grade 91 steel. In addition to a description
of the framework and a set of verification calculations, the report details an initial set of
simulations applying the framework to examine low cycle fatigue and creep-fatigue interac-
tion in Grade 91 at 600◦ C. Grade 91 is a likely material for future advanced microreactors
and creep-fatigue will be a limiting structural damage mechanism, particularly for mobile
reactors or load following systems. The framework described here could provide a better
understanding of creep-fatigue damage mechanisms and directly examine creep, fatigue, and
creep-fatigue interaction for Grade 91 at realistic component service conditions. This in turn
could lead to improved design methods and component life estimation approaches, leading
to more efficient and economical component designs.
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1 Introduction

This report describes the completion of a framework for representing the key creep-fatigue
deformation and damage mechanisms in Grade 91 steel. The framework includes several
features summarized in past reports:

1. A finite element framework for microstructural full-field crystal plasticity finite element
method (CPFEM) simulations of metallic materials [1].

2. An interface-cohesive formulation, implemented as a Discontinuous Galerkin (DG) el-
ement interfaces, to model grain boundary creep damage [2]. The particular grain
boundary damage model has a long history [3–5] and the current implementation in-
cludes a variety of numerical improvements designed to stabilize it for cyclic, creep-
fatigue loading [6].

3. An improved single-crystal grain bulk constitutive model [6] that can represent kine-
matic hardening and, in general, capture the cyclic deformation of Grade 91 under
creep-fatigue conditions.

The main new development described in this report is the addition of a continuum damage
mechanics framework to represent transgranular fatigue damage. When combined with the
preexisting work, the complete CPFEM model can represent all the key microstructural
deformation and damage mechanisms in Grade 91 contributing to creep-fatigue behavior.

The completion of this framework represents a significant technical advance as, to our
knowledge, no one has attempted full-field, microstructural simulations of creep-fatigue be-
havior in any material. Past work using microstructural methods covers only pure fatigue
(c.f. [7, 8]), pure creep (c.f. [9, 10]), or does not include both grain boundary and transgran-
ular damage (c.f. [11, 12]).

This report describes the development of the fatigue damage model and simulations as-
sessing the model for pure fatigue loading. In addition to completing the creep-fatigue model-
ing framework, the transgranular model could be useful in examining the transition from low
cycle to high cycle fatigue behavior, associated with a change in slope in a strain-controlled
fatigue curve observed experimentally. Finally, the report summarizes a preliminary series
of full-field CPFEM simulations aimed at examining creep-fatigue interaction mechanisms
in Grade 91 at 600◦ C.

Creep-fatigue damage has historically been a significant design limitation for nuclear
components constructed of Grade 91 and other advanced materials [13] and we expect that
it will similarly constrain future reactor designs, including microreactors. In fact, cyclic load
and creep-fatigue may be an even more significant concern for high temperature microreac-
tors, particularly those designed for portability or load following, when compared to larger
reactors. The reason is that creep-fatigue damage is proportional to the number of load
cycles, often associated with thermal transients, and so a reactor with a greater number of
expected transients will likely accumulate more creep-fatigue damage compared to a larger
reactor operating in steady conditions. Creep-fatigue damage will also likely be the limiting
failure mode for low pressure, high temperature reactor designs, as creep damage in the
steady state due to pressure for these reactors is often negligible.
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The key macroscale structural material phenomenon of interest to reactor designers for
loading conditions of this sort, combining thermal cycling with holds at quasi-steady condi-
tions, is creep-fatigue interaction. Creep-fatigue interaction in the engineering sense is the
reduction in cyclic life associated with the combination of cycling plus holds at constant con-
ditions versus just the cycling itself. For example, experimentally the cyclic life, expressed as
the number of cycles to failure, for an experiment on a material combining a strain controlled
loading with holds at constant strain on one or both ends of the cyclic will be shorter than
if the same material was loaded under the same strain-controlled fatigue loading without the
holds.

Most past work associates creep-fatigue interaction with the combination of fatigue dam-
age due to cycling plus creep damage accumulated during the hold periods. Most or all high
temperature structural materials, and all those qualified for use in high temperature compo-
nents in Section III, Division 5 of the ASME Boiler and Pressure Vessel Code covering high
temperature reactors, have a significant creep-fatigue interaction that must be accounted for
in a component design [14].

The modeling framework developed here can serve two functions in advancing our under-
standing of and modeling capabilities for creep-fatigue interaction, leading to more accurate
design methods and safer, more effective and economical component designs:

1. Despite a large body of experimental work, the exact microstructural mechanism caus-
ing creep-fatigue interaction is not fully described. Damage under pure fatigue con-
ditions generally manifests as transgranular cracking [15]. Damage under pure creep
conditions is generally intergranular grain boundary cavitation [16]. Previous work
presents a variety of potential interaction mechanisms, including wedge cracking in-
duced by grain boundary cavitation and sliding assisting fatigue crack growth [17] or
a variety of mechanisms depending on the particular type of loading [18]. Some past
work suggests that the free surface plays a key role, with fatigue cracks propagating
from the surface interacting with creep cavitation in the bulk. A full-field microstruc-
tural model could explain the interaction mechanism, leading to better, more predictive
models.

2. Subject to limitations caused by the computational cost of the model, CPFEM simula-
tions could be used to directly quantify the effect of creep-fatigue interaction in Grade
91, providing synthetic experimental data that could be used to supplement actual
experimental results.

Additionally, the modeling framework can provide similar information for pure fatigue
loading at high temperatures. An initial demonstration in this report suggests the model is
quite accurate in predicting fatigue curves with very limited direct test data, at least for the
low cycle regime.

Chapter 2 describes the development, implementation, and verification of the transgranu-
lar damage model. Chapter 3 then describes a preliminary study of pure fatigue deformation
in Grade 91. Chapter 4 describes a series of full-field simulations of creep-fatigue in Grade
91, completing the FY21 project work, and Chapter 5 summarizes the key results of this
study and discusses potential future work using the damage modeling framework.
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2 A crystal plasticity framework for transgranular damage

As described in Chapter 1, the main missing ingredient of a creep-fatigue simulation frame-
work in the CPFEM model is a means to represent transgranular fatigue damage. This
chapter describes the development and implementation of a continuum damage mechanics
based [19] fatigue damage model in the NEML single crystal constitutive model framework.

Previous literature efforts modeling fatigue in the context of crystal plasticity, typically,
in full field CPFEM or CPFFT simulations, fall into three categories:

1. Full field simulations examining the mechanical forces (stress, strain, or some fatigue
indicating parameter or FIP) leading to fatigue, but not modeling the effect of fatigue
damage on the material’s mechanical behavior. These studies are by far the most
numerous (c.f. [11, 12, 20–22]) and sometimes link to microscale resolution experiments
(c.f. [23])

2. Simulations that examine short crack propagation in the microstructure typically either
through discrete crack remeshing or a cohesive zone approach [24, 25].

3. A continuum damage mechanics approach which tracks an internal variable (or set of
internal variables) in the single-crystal constitutive model representing the softening
effect of the development of small fatigue cracks (c.f. [8, 26]). These models can
represent discrete cracks but only in the sense of a smeared crack [27].

Some previous models span more than one category. For example Proudhon et al. [7] tracks a
FIP and does not feed back the development of fatigue damage as softening to the constitutive
response (approach #1), but then discretely meshes and remeshes a crack when the FIP hits
a critical value (approach #2).

All three approaches have advantages and disadvantages, but we elected to implement
approach #3: a continuum damage mechanics model for transgranular fatigue damage. This
approach has several key advantages:

1. It has a direct connection with classical FIP development, so suitable microstructural
FIPs can be directly integrated into the damage framework.

2. Damage mechanics can account for the softening effect of very small, subgrain scale
cracks.

3. At least approximately, the damage model can propagate fatigue damage in the form
of small cracks.

4. It does not presuppose damage nucleation sites or a set of potential crack growth paths.

There are numerous crystal plasticity models incorporating damage mechanics concepts
(c.f. [28–30]), though comparatively few aimed at simulating fatigue and none, to our knowl-
edge, examining creep-fatigue interaction. The reason for this comparative lack of interest
may be the downsides of the continuum damage approach:

1. Continuum damage models, at least those not regularized by including higher-order
derivative information, have a well-known mesh-size dependence [31].
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2. Once damage reaches the scale of a small crack the approach is less accurate than a
fracture mechanics approach, for example using cohesive zone models like our model
for grain boundary creep damage [4].

3. The approach adds significantly to the computation cost of the model, versus a defor-
mation model. This is significant as, as described in Chapter 1, running a CPFEM
simulation through a realistic loading history is already quite computationally expen-
sive.

The following section describes the development of a suitable continuum damage model
for transgranular damage in a general context. In fact, the implement in NEML is modular
so that we could explore a range of FIPs and damage projections. The section after next
then describes the particular models implemented for representing fatigue damage in Grade
91.

2.1 General implementation

2.1.1 Basic stress update formula

Continuum damage mechanics models start from the constitutive hypothesis:

σ = D (σ′,d) (2.1)

where σ is the damaged Cauchy stress, σ′ is the undamaged stress response of the material,
d is some set of internal variables describing the evolution of damage, and D is the damage
model, mapping the undamaged response to the damaged response as a function of the
damage variables. Fatigue damage in single crystals is likely to be anisotropic, even on a
continuum scale. For example, certain more active slip planes (persistent slip bands) are
likely to develop more damage than other, less active slip planes. To accommodate this
anisotropy the NEML damage framework uses the fundamental equation:

σ = P (h) : σ′ (2.2)

where P is a fourth order tensor acting as a damage projection mapping the undamaged
Cauchy stress to the damaged Cauchy stress as a function of the damage variables, a subset
of the general set of model internal variables, h.

The stress-evolution equation implied by this fundamental assumption is

σ̇ = Ṗ : σ′ + P : σ̇′ (2.3)

σ̇ = Ṗ : P−1 : σ + P : σ̇′. (2.4)

Therefore

σ̇ =
∂P

∂h
: ḣ : P−1 : σ + P : σ̇′ (2.5)

Here we make one more significant constitutive assumption: that the subset of the internal
variables affecting the damage projection (the damage variables) evolve slowly with time so
that

ḣ ≈ 0. (2.6)
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This assumption is reasonable for processes like creep and fatigue, which evolve very slowly
with time, and greatly simplifies the damaged stress evolution equation:

σ̇ = P : σ̇′. (2.7)

Equation 2.7 is the key damage equation implemented in NEML. The framework takes
as input the undamaged stress evolution rate equation from crystal plasticity forms already
implemented in NEML and returns the modified, damaged stress evolution rate. A complete
model supplements this basic stress update formula with

1. The form of the damage projection

2. A set of internal variables representing the driving force for degradation and failure in
the material (the damage variables).

However, fatigue damage modeling can take advantage of a more general framework
allowing the projection to vary with the stress, as described below, and so the implementation
retains the general form in 2.7.

NEML implements the standard Asaro [32] kinematics for crystal plasticity and so the
modified (damaged) evolution equation for the Cauchy stress becomes:

σ̇ij = PijklCklmn (Dmn −Dp
mn)− σikΩ?

kj + Ω?
ikσkj. (2.8)

All the subsequent results use this stress evolution formulation.

2.2 Specific models

2.2.1 Damage projection

2.2.1.1 Basic form

Most microstructural FIPs base damage on slip planes [33]. As such, the damage projec-
tion operator implemented here for modeling Grade 91 decomposes damage across multiple
planes. Within each single plane the projection allows independent control over the reduced
normal and shear stiffness.

Consider the base projection operators:

N
(i)
ijkl = n

(i)
i n

(i)
j n

(i)
k n

(i)
l (2.9)

S
(i)
ijkl =

(
δik − n(i)

i n
(i)
k

)
n
(i)
j n

(i)
l (2.10)

where n
(i)
i is the normal vector for plane i.

The damage model uses these projections in conjunction with a mapped damage variable
transformation T (the classic “damage” in continuum damage mechanics) where

T = 0 (2.11)

indicates an undamaged material plane and

T = 1 (2.12)
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indicates complete failure (no stiffness).
Putting these concepts together, consider normal damage given by

P
normal,(i)
ijkl = δikδjl −N (i)N

(i)
ijkl (2.13)

where N (i) is the mapped scalar normal damage. When N (i) = 1 then the resolved stress in
the normal direction of the normal traction of the projected stress is

n
(i)
i P

normal,(i)
ijkl σkln

(i)
j = n

(i)
i

(
δikδjl − n(i)

i n
(i)
j n

(i)
k n

(i)
l

)
σkln

(i)
j = n

(i)
i σijn

(i)
j − n(i)

i σijn
(i)
j = 0

(2.14)
So that as the normal mapped damage goes to 1 the normal stress goes to zero.

Similarly, for shear damage given by

P
shear,(i)
ijkl = δikδjl − S(i)S

(i)
ijkl (2.15)

where S(i) is the mapped shear damage, when S(i) = 1 then the normal traction in any
direction si orthogonal to ni becomes

s
(i)
i P

shear,(i)
ijkl σkln

(i)
j = s

(i)
i

(
δikδjl −

(
δik − n(i)

i n
(i)
k

)
n
(i)
j n

(i)
l

)
σkln

(i)
j = s

(i)
i σijn

(i)
j − s(i)i σijn(i)

j = 0

(2.16)
Again, this means that as the mapped shear damage goes to 1 the shear stress on the plane
goes to zero.

These individual, planar projections are then the natural basis for a complete planar
damage model. We elect to use a multiplicative decomposition to combine damage across
multiple planes:

Pijkl =

nplanes∏
i=1

δijδkl −N
(
d(i), σ

(i)
⊥

)
N

(i)
ijkl − S

(
d(i), σ

(i)
⊥

)
S
(i)
ijkl (2.17)

A multiplicative projection, as opposed to a additive decomposition, ensures that the re-
solved stresses in the appropriate directions of damaged the damaged Cauchy stress are zero
when using large deformation kinematics. However, it comes with the added expense and
complexity of a difficult Jacobian when implemented in an implicit time integration frame-
work. While the formulation is general, in the context of the Grade 91 crystal plasticity
modeling the sum proceeds over each slip plane. For the Grade 91 model used here, that
implies a sum over the six {110} planes for the < 111 > directions.

2.2.1.2 Damage map functions

In the damage framework, a damage map (or damage transformation) is a function that
maps:

R+ → [0, 1] (2.18)

i.e. that maps a positive damage indicator (for example a FIP) to the range [0, 1] where 0
indicates no damage and 1 indicates complete failure. These maps serve two purposes:
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1. They normalize damage indicators with arbitrary scales to the standard range required
for the projections.

2. They can add additional physics into the base model, for example by changing the
effect of damage depending on the sign of the stress resolved on the plane.

While the damage framework can implement general damage maps of the form:

T = T (d,σ) (2.19)

where d is a set of internal variables and σ is the full stress tensor the models here use the
simplified form:

T = T
(
d(i), σ

(i)
⊥

)
(2.20)

where d(i) is a scalar damage indicator variable (one for each slip plane) and σ
(i)
⊥ is the normal

stress,
σ
(i)
⊥ = σijn

(i)
i n

(i)
j . (2.21)

The Grade 91 examples here uses three damage map functions.

Sigmoid transform The purpose of this damage map is simply to transform a positive damage
indicating parameter to the correct [0, 1] range. It takes the form of a sigmoid function:

T
(
d(i), σ

(i)
⊥

)
=


1

1+

(
d(i)

c−d(i)

)−β d(i) < c

1 d(i) ≥ c

(2.22)

Figure 2.1 plots the damage map for different values of c and β. c controls the critical
value of the damage parameter, i.e. the location of the ramp in the sigmoid function. β
controls the slope of the ramp, higher values of β produce sharper ramps which in turn
provide a quicker onset of the effect of damage in the model.

Damage cutoff This is a meta map in that it takes the results of another damage map and
modifies it. It provides a simple cutoff:

T
(
d(i), σ

(i)
⊥

)
=

{
T̃
(
d(i), σ

(i)
⊥

)
d(i) < Tcrit

Tcrit d(i) ≥ Tcrit
(2.23)

where Tcrit is a cutoff on the maximum permissible damage and T̃
(
d(i), σ

(i)
⊥

)
is the base,

underlying damage map. Some of the calculations described here apply this cutoff function
to improve the stability of the model by preventing excessive softening.

Tension/compression switch This is another meta map. This function turns off the effect of
damage when the normal stress on the plane is compressive, approximating contact across
the faces of a crack. The function is:

T
(
d(i), σ

(i)
⊥

)
=

{
T̃
(
d(i), σ

(i)
⊥

)
σ
(i)
⊥ ≥ 0

0 σ
(i)
⊥ < 0

(2.24)
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Figure 2.1: Example illustrating the effect of the c and β parameters on the sigmoid damage
map.

2.2.2 Damage indicators

The only requirements for a damage indicator in this framework is that it be an internal
variable defined by an evolution equation on each plane in the damage formulation (each
slip plane for crystal plasticity models), that it be monotonic, and that it start at a value of
0. The damage maps then inject the indicator into the appropriate range for the projection
operator.

Three fatigue indicating parameters (FIPs), with variants, dominate the literature for
microstructural models of fatigue damage [33]:

1. The integrated slip: ḋ(i) =
∑

j∈Si |γ̇j|

2. The integrated work: ḋ(i) =
∑

j∈Si τj |γ̇j|

3. The Fatemi-Socie parameter [34]: ḋ(i) =
∑

j∈Si |γ̇j|
(

1 +K
σ
(i)
⊥
σy

)
or

ḋ(i) =
∑

j∈Si τj |γ̇j|
(

1 +K
σ
(i)
⊥
σy

)
.

In these expressions γ̇j is the slip rate and τj the resolved shear along slip system j, σy is
the material yield stress, K is a material-specific constant, and the set Si consists of all slip
systems sharing slip plane i.

The variants of the Fatemi-Socie parameter are the most general models, but they require
an additional material parameter K. As such, the Grade 91 examples here use the integrated
work as the damage (fatigue) indicating parameter.

2.3 Implementation

We implemented this damage model framework into NEML (https://github.com/Arg
onne-National-Laboratory/neml) where it sits on top of the existing crystal plasticity
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(deformation) material model library [6]. The implementation is modular, making it easy
to implement various damage projections, damage maps, and damage indicators. NEML
integrates the single crystal constitutive equations with an implicit scheme, meaning the
implementation includes both the rate forms and the Jacobians of the damage models.

In total this required about 10,000 additional lines of code. NEML verifies the mathe-
matical implementation of the damage framework through 38 unit tests which check both
the rate form and the derivatives of each individual module.

2.4 Verification

The unit tests ensure that the damage model mathematical implementation is correct and
that crystal plasticity models including damage will converge quadratically when integrated
with NEML’s default backward Euler integration and the Newton-Raphson method. The
fatigue and creep-fatigue examples in Chapters 3 and 4 demonstrate that the framework can
represent the key mechanisms leading to fatigue and creep-fatigue failure in Grade 91 and
that the framework can reproduce macroscale experimental data. This section checks that
the damage framework implements the intent behind the model mathematics with several
simple checks.

The simulations here use a Taylor homogenization of 100 random orientations. The base
single crystal deformation model is a simple FCC material with Voce isotropic hardening.
The damage transformation for the shear directions is the sigmoid function with c = 40
and β = 3, while the normal directions stack that same sigmoid function with the ten-
sion/compression switch, so that planes under compression approximate fatigue crack face
contact.

The damage models developed here target transgranular fatigue but the crystal damage
model described above will eventually fail with enough monotonic strain. Figure 2.2 plots a
stress/strain curve describing the model response, for example the behavior of the material
in a standard tension test. This example verifies that the model captures the basic expected
material response: an elastic region, a region of inelasetic deformation with minimal damage,
the onset and development of damage, and then, eventually, rapid failure manifested as a
loss of load carrying resistance.

Figure 2.3 repeats the same loading conditions but now interrupts the monotonic tension
loading before complete failure, reversing the load and unloading the model. This example
demonstrates by comparing the load and unload elastic slopes that damage degrades the
materials effective elastic modulus. The degradation of the material elastic modulus correctly
represents the effects of damage processes in actual materials.

Finally, Figure 2.4 continues the reverse loading until reyield in the compressive direction.
This example verifies the damage model can accommodate cyclic plasticity, necessary to
represent fatigue and creep-fatigue loading conditions. This test also demonstrates the effect
of the tension/compression switch in the damage map. The initial unloading slope is less
steep than the eventual compression load elastic slope. The beginning branch of this elastic
response samples the degraded (damaged) elastic properties but as the load on the individual
crystals becomes predominately compress this switches to sample the undegraded (crack face
contact) elastic properties.
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Figure 2.2: Basic response of the damage model under monotonic tension.
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Figure 2.3: Demonstration that damage changes the effective elastic properties of the Taylor
polycrystal.
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Figure 2.4: Illustration of the change in the unload/reload slope of the polycrystal caused
by the tension/compression switch.
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3 Modeling pure fatigue damage

While the main objective for the transgranular damage model described in Chapter 2 is to
contribute to full-field CPFEM models of creep-fatigue interaction in Grade 91, it is worth-
while to first examine pure fatigue damage at high temperatures. This chapter describes a
preliminary model for fatigue at 600◦ C in Grade 91, using the deformation model estab-
lished for Grade 91 in past work [6] supplemented with the transgranular fatigue continuum
damage model described previously.

The advantage of pure fatigue simulations is that grain boundary damage is a not a
significant damage mechanism, meaning reduced cost homogenized models could potentially
replace full-field CPFEM simulations. This chapter tests the feasibility of this approach,
describes the basic deformation/damage response of the material, and assesses the behavior
of homogenized models under pure fatigue loading.

3.1 Model setup

The basic model is a Taylor homogenized polycrystal with 100 grains sampled from a uniform
texture. The single crystal deformation model matches our past work on Grade 91 [6] for
600◦ C. The damage model is as described in the previous chapter, using the sigmoid damage
map for both the shear and normal directions with β = 2.0 and a cutoff of dcut = 0.4.

To calibrate the c parameter, which is kept the same for both the shear and normal
directions, we found the value of c so that the homogenized simulation failed in the same
number of cycles as the nominal fatigue curve for Grade 91 in the 2021 edition of the
ASME Boiler & Pressure Vessel Code [14] with a total strain range of 0.1 mm/mm, a load
ratio of R = −1, and a strain rate of 10−3 mm/mm/s. These conditions match common
experimental practice when generating data for strain-base high temperature fatigue curves.
The calibrated value is c = 4600 MPa. We define failure for all these simulations as when
the maximum stress over the past cycle is less than 20% of the highest maximum stress
observed for any previous cycle. This definition matches standard experimental practice for
strain-controlled fatigue tests.

Figure 3.1 plots the model response as both stress/strain hysteresis loops and as a plot of
the maximum/minimum cycle stress as a function of cycle count (a cyclic flow curve). These
plots demonstrate that the model response is reasonable for actual Grade 91 material under
these loading conditions, demonstrating nearly immediate cyclic softening. In actuality,
the onset of softening may occur too quickly, likely because of the lack of constraint from
neighboring grains in the Taylor simulation.

3.2 Basic fatigue response

After calibrating the model as described in the previous section we repeated the fatigue
loading for smaller values of strain range, keeping the R ratio and strain rate fixed. Figure
3.2 compares the results of this prediction of the Grade 91 fatigue curve to the nominal
fatigue curve used in the ASME Code. The fit is remarkably accurate in the low cycle
region, particularly as there are no parameters to control the slope of the fatigue curve as a
function of cycles.
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Figure 3.1: Example of results for a 0.5% strain range, plotting the cyclic material history
as stress-strain hysteresis (a) and a stress-time cyclic softening curve (b).
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Figure 3.2: Results of the fatigue life simulations at 600◦ C. The plot shows the nominal
ASME fatigue curve for Grade 91 compared to the simulation results. The results match
the low cycle part of the curve remarkably accurately, considering that the only calibration
was shifting the work-to-failure to match the number of cycles to failure at the highest strain
range.
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3.3 Improving the model

There are several ways we could improve this model. The Taylor approximation forces all
grains in the polycrystal to deform at the same rate. This means, for strain controlled loading,
that when one grain develops damage and eventually fails there is no load redistribution to
the remaining, less-damaged grains. This likely slows the development of fatigue damage,
especially near the end of the simulation. Improved homogenization techniques, like the self-
consistent viscoplastic approach [35], provide more realistic load redistribution for strain-
controlled loading and could improve the accuracy of the model without significantly adding
to the computational cost.

A full field simulation, like the creep-fatigue simulations described in the next chapter,
would provide additional realism, albeit at much greater computational cost. For example,
the homogenized simulations cannot account for strain localization to persistent slip bands,
the constraint provided by neighboring grains, or the effects of grain boundaries. Full field
simulations of fatigue loading would include these effects. However, the computational cost of
running simulations to realistic numbers of fatigue cycles is likely too high, even for modern
HPC.

One of the interesting behaviors that we could examine with homogenized pure fatigue
crystal plasticity simulations is the transition from low to high cycle fatigue As illustrated
in Figure 3.2, a “knee” occurs in experimental fatigue curves, associated with the transition
between high and low cycle behavior. Homogenized crystal plasticity models could produce
results for the number of fatigue cycles required to sample this behavior.

Computational cost will be a challenge for examining the high cycle transition, as it takes
quite awhile to run even the homogenized model through more than 10,000 load cycles. Time
acceleration (i.e. cycle extrapolation) is an option to reduce the cost of the simulations [36].
In effect this extrapolates the model results as a function of cycle count, jumping ahead
some predetermined number of cycles by extrapolating the stress and internal variables
in the model as a function of cycles. The best time acceleration algorithms include error
estimates obtained through direct integration of cycles interspersed with extrapolation in
order to maintain integration accuracy.
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4 Initial creep-fatigue simulations

4.1 Simulate setup

Creep-fatigue experiments are performed at a fixed temperature, under strain controlled
loading conditions. Experimental observations of the interaction between the two mecha-
nisms of creep and fatigue have suggested that a strain-controlled cyclic test will have a
shorter number of cycles to failure if holds at constant strain are included in comparison to
a corresponding test at the same conditions without a hold. However, there is no general
agreement in the literature on the mechanism causing creep-fatigue interaction. A typical
creep-fatigue cycle is characterized by a maximum strain, εmax, a minimum strain, εmin,
a hold time at maximum strain, Hεmax and a hold time at minimum strain, Hεmin . Here,
the creep-fatigue cycle is characterized by the following parameters - a maximum strain
of εmax = 1%, a minimum strain of εmin = −1%, a hold time at the maximum strain,
Hεmax = 10h, and a hold time at the minimum strain, Hεmin = 10h. The strain rate used
during the transients is 2 × 10−4s−1, which is a standard strain rate for creep-fatigue sim-
ulations. The creep-fatigue loading cycle used in the present work is shown in Figure 4.1
(a). The corresponding stress-strain curve is shown in Figure 4.1 (b). These simulations are
performed on a 5-grain microstructure with ∼1600 elements, the meshed microstructure is
shown in Figure 4.2.

The present work compares the results from creep-fatigue simulations for three types of
models:

(i) Intergranular damage model only — in this model, damage is described through grain
boundary cavity nucleation and growth. There is also accommodation of grain bound-
ary sliding. The grain interiors are modeled using a standard crystal plasticity frame-
work.

(ii) Transgranular damage model only — as described in Chapter 2, damage is modeled by
means of degradation of the stress tensor for grain interiors.

(iii) Intergranular and transgranular damage model — here, damage is accounted for by
both the above models.

The damage metrics for the transgranular damage model, as described in Chapter 2, is
the integrated work:

ḋ(i) =
∑
j∈Si

τj |γ̇j| (4.1)

The damage metric for the interfacial damage model is described in the form of D in the
grain boundary cavitation model as the ratio between the cavity half radius, a, and cavity
half spacing, b:

D =
a

b
(4.2)

The material parameters used for the crystal plasticity are shown in Table 4.1. The
parameters were described in an earlier report using this model [6].
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Figure 4.1: (a) The creep-fatigue loading cycle used in the present work. (b) An example
stress-strain curve from a creep-fatigue simulation. An initial hardening response is pro-
ceeded by a softening response with increasing cycles.

Figure 4.2: The 5 grain meshed microstructure used in the present study.
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Table 4.1: The material parameters used in the present simulations. The value of c (the
critical work) was greatly decreased to accelerate the development of fatigue damage.

Symbol Description Value Units

E Young’s modulus 150,000 MPa
ν Poisson’s ration 0.285 unitless
τsat Isotropic saturation 12 MPa
τ0 Isotropic initial value 40 MPa
γ̇0 Reference slip rate 9.55× 10−8 unitless
n Flow exponent 12 unitless
β Slope of the sigmoid ramp 2 unitless

caccel Critical value of damage parameter 100 unitless
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Figure 4.3: Strain history for the creep-fatigue simulations. The ramps correspond to changes
in the applied strains and the flat lines indicate the hold between fatigue cycles.

4.2 Analysis

Creep-fatigue simulations are performed for the three cases mentioned above and the results
are analyzed for differences in accommodation of stress, strain and damage metrics. The
strain history for these simulations is shown in Figure 4.3, corresponding to the schematic
shown in Figure 4.1 (a). The stress-strain curves for the three damage models throughout
the 14 creep-fatigue cycles performed are shown in Figure 4.4. The interfacial damage
model reaches a saturation stress within a couple of cycles, after an initial cyclic hardening.
Whereas for the other two models, the saturation stress is reached after many more cycles.
The homogenized mean stress history for the three cases is compared in Figure 4.5 (a). While
only initial hardening is observed for the interfacial damage model, significant softening is
observed with increasing fatigue cycles. Also compared in Figure 4.5 (b) is the homogenized
stress values as a function of fatigue cycle count. The main difference observed here is that
the simulations with only the interfacial damage experiences a compressive average stress
and this is attributed to the activation of the grain boundary cavitation damage only during
tensile portion of the fatigue cycles. Also shown in Figure 4.6 is the maximum stress per
cycle for the three models. The softening response of the two models with transgranular
damage is evident here.
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Figure 4.4: Shown above are the stress-strain curves for the creep-fatigue simulations for
models with (a) interfacial damage model only, (b) transgranular damage model only and
(c) both interfacial and transgranular damage models.

(a) (b)

Figure 4.5: (a) The mean stress in the loading direction is plotted against time for the three
damage models considered. (b) The mean stress plotted against the cycle number.
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Figure 4.6: The maximum stress in the loading direction is plotted against cycle number for
the three damage models considered.
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Figure 4.7: Comparison of the transgranular model damage metrics for creep-fatigue simu-
lations.

The damage metrics for the creep-fatigue simulations using the three models are com-
pared in Figure 4.7. The differences in the damage metrics remain relatively small between
the two models, suggesting that the influence of creep damage (accommodated in the inter-
facial model by means of grain boundary cavitation) is small on fatigue damage, particularly
in these earlier cycles. The maximum transgranular damage metric is the d5 value. The
difference between the two models with transgranular damage is more closely observed in
Figure 4.8. We observe an initial decrease in this difference followed by a continued increase
after about 4 creep-fatigue cycles. The above observation possibly suggests that creep dam-
age dominates towards the earlier cycles and then the fatigue damage takes over. Further,
for the purely interfacial damage model, the evolution of the damage metric D is plotted
as a function of time and cycle number in Figure 4.9. As expected, there is a continuous
increase in the value of D with time and cycles.
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Figure 4.8: Difference between the maximum transgranular damage metrics for the combined
transgranular + interfacial model and just the interfacial model.

(a) (b)

Figure 4.9: The evolution of the interfacial damage metric as a function of (a) cycle number
and (b) time for the model with only interfacial damage model.
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These preliminary results for comparatively few cycles do not reveal a significant creep-
fatigue interaction likely because the creep cavitation model does not have sufficient time
to affect the results. Longer simulations would develop additional creep damage and more
significantly affect the cyclic history of the representative element. In addition, these prelim-
inary studies consider only an unrepresentatively small microstructure. Running simulations
for larger cells would be necessary to confirm the above observations.
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5 Conclusions

This report describes a first-of-its-kind simulation framework for examining creep-fatigue de-
formation and damage in Grade 91 steel. The framework includes several features developed
through past program work:

• Single crystal constitutive models suitable for representing kinematic hardening.

• An interface-cohesive formulation for diffusion-assisted grain boundary cavitation.

as well as a new feature developed in the course of the present work

• A continuum damage mechanics-based formulation for representing transgranular fa-
tigue damage in the CPFEM models.

The report includes several demonstration simulations with the new framework, illus-
trating the ability of the new model to represent low cyclic fatigue and for the complete
modeling framework to represent key processes leading to creep-fatigue interaction.

The simulations presented here are limited in both the size of the represented microstruc-
ture and the time/number of cycles considered in the simulation run. The complete model
is computationally costly, as it has to maintain and advance a large set of internal vari-
ables representing bulk and boundary deformation and damage at every material point in
a CPFEM simulation. Running full-scale simulations of low cycle fatigue and short cy-
cle creep-fatigue interaction are feasible given additional time and computational resources.
The report identifies polycrystal homogenization as a likely route for simulations covering
the transition from low cycle to high cycle fatigue. This route is not easily available for the
creep-fatigue simulations including the grain boundary cavitation model as classical homog-
enization approaches do not explicitly represent the grain boundaries. Another potential
solution discussed here are time acceleration/extrapolation strategies, which effective jump
through a number of cycles in a single extrapolation step and could be applied to full-scale
CPFEM simulations of creep-fatigue interaction.
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